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Abstract
We examine how the signature of the strange-dibaryon resonances with I = 1/2 and Jπ = 0−
shows up in scattering amplitudes and observables of the three-body K¯NN -πY N (Y = Σ, Λ)
system on the physical real energy axis. The so-called point method is applied to handle logarithmic
singularities that appear in solving the Alt-Grassberger-Sandhas equations for the real scattering
energies. By taking two different kinds of models for the two-body K¯N -πΣ subsystem, both of
which reproduce the available data equally well but give quite a different resonance-pole structure
for Λ(1405), we also investigate whether the strange-dibaryon production reactions can be used for
disentangling the nature of Λ(1405).
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I. INTRODUCTION
In recent years, the strange dibaryons with I = 1/2 and Jπ = 0− have been studied
actively as the simplest kaonic nuclei [1] in the three-body K¯NN -πY N system. A number
of theoretical studies to search for the strange dibaryons have been performed with the
variational method [2–5] and the Alt-Grassberger-Sandhas (AGS) equations [6–8], employing
the phenomenological potentials [2, 4, 6] or the effective chiral Lagrangian [3, 5, 7–9] for the
meson-baryon and baryon-baryon interactions. All the studies support the existence of the
strange dibaryons as resonance states in the energy region between the K¯NN and πΣN
thresholds. However, the resonance energies predicted in those studies are still highly model
dependent. For example, the models with energy-independent potentials [2, 4, 6, 7] give
resonance energies lower than those with energy-dependent potentials [3, 5, 8].
In parallel with the theoretical works mentioned above, experimental searches for the
strange dibaryons have also been done by the FINUDA Collaboration [10], the OBELIX
Collaboration [11], and the DISTO Collaboration [12]. Further data will become available
from SPring-8 (LEPS Collaboration [13]) and GSI (FOPI Collaboration [14]), and new
experiments are planned at J-PARC (E15 [15] and E27 [16] experiments) and DAΦNE
(AMADEUS Collaboration [17]).
In our previous works [7, 8], we have investigated a possible existence of the strange-
dibaryon resonances in the three-body K¯NN -πΣN system. This has been achieved by
searching for resonance poles of the three-body amplitudes in the complex energy plane,
where the amplitudes are obtained by solving the coupled-channel AGS equations. There,
two models, the energy-independent (E-indep) and the energy-dependent (E-dep) models,
have been employed for the s-wave meson-baryon interactions, both of which are derived
from the leading-order term of the effective chiral Lagrangian but those have different off-
shell behavior. As a result, we have found one resonance pole of the strange dibaryon for the
E-indep model and two for the E-dep model, which are summarized in Table I. This result
indicates that off-shell behavior of the meson-baryon interactions of the two-body K¯N -πY
subsystem is crucial for the resulting pole positions of the strange-dibaryon resonances.
Most of the theoretical studies have presented only pole positions of the strange-dibaryon
resonances. However, those are not a quantity that can be directly measured in experiments.
To examine the existence of the strange dibaryons in connection with experiments, one has to
2
NγN
N d
K
−
K pipi
Σ Σ
He
3
)a( )b(
FIG. 1: Examples of the typical (a)kaon- and (b)photon-induced strange-dibaryon production
reactions. The strange-dibaryon resonances would be produced in thick shaded boxes.
TABLE I: Pole massesMR of the strange-dibaryon resonances obtained in our previous works [7, 8].
See the text for the explanation on the E-indep and E-dep models. The K¯NN and πΣN threshold
energies are 2370 and 2267 MeV, respectively.
Re(MR) (MeV) −Im(MR) (MeV)
E-indep model 2312-2326 17-20
E-dep model 2354-2361 17-23
2281-2303 122-160
compute the cross sections of strange-dibaryon production reactions consistently in the same
framework. The strange-dibaryon resonances can be produced via, for example, kaon- and
photon-induced reactions on light nuclei such as 3He and deuterons (Fig. 1). Then the signal
of the resonances would be observed in the invariant-mass and/or missing-mass distributions
of the decay products. A couple of such studies have been performed by Koike-Harada [18]
and Yamagata-Sekihara et al. [19] on the basis of the optical potential approach.
In this work, we examine how the signature of the strange dibaryons shows up in the ob-
servables of the three-body reactions by applying our approach based on the coupled-channel
AGS equations developed in Refs. [7, 8]. It is well known that logarithmic singularities ap-
pear when one solves the AGS equations for the breakup reactions at real scattering energies.
We handle those singularities numerically by making use of the so-called point-method pro-
posed by Schlessinger [22] and developed by Kamada et al. [23]. With this method, we
examine the behavior of the quasi-two-body amplitudes (the thick shaded boxes in Fig. 1)
of the K¯NN -πY N system at real scattering energies between the K¯NN and πΣN thresh-
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olds. As a first step toward developing a model to compute reaction cross sections measured
at facilities such as J-PARC and SPring-8 (e.g., the reactions in Fig. 1), we examine the
“transition probability” of a strange-dibaryon production reaction, (YK)I=0+N → π+Σ+N ,
where (YK)I=0 is an “isobar” of K¯N states with isospin I = 0. We also give an estimation
of the probability for the kaon absorption process (YK)I=0 +N → Λ +N .
In Sec. II, we explain the AGS equations for the three-body K¯NN -πY N(Y = Σ,Λ)
system and present the transition probability formula for break-up reactions. Then, we
present the two-body meson-baryon interactions used in this work in Sec. III. The computed
quasi-two-body amplitudes as well as transition probabilities for (YK)I=0+N → π+Σ+N
are presented in Sec. IV. The summary is given in Sec. V. A brief description of the point
method is presented in the Appendix.
II. THREE-BODY EQUATIONS
A. Alt-Grassberger-Sandhas equations
Throughout this paper, we assume that the three-body processes take place via separable
two-body interactions, which have the following form in the two-body center-of-mass (c.m.)
frame,
V(α)I i,(β)I i(~qi
′, ~qi;E) = g
∗
(α)I
(~qi
′)λ(α)I i,(β)I i(E)g(β)I (~qi) , (1)
where g(α)I (~qi) is the cutoff factor of the two-body channel α(= jk), with relative momentum
~qi and isospin I, and E is the total energy of the two-body system. In the three-body system,
we define the two-body energy E as E = W −Ei(~pi), with the three-body energyW and the
spectator particle energy Ei(~pi), where ~pi is the relative momentum of the spectator particle
i. The explicit forms of each two-body interaction are presented in detail in Sec. III.
The assumption above implies that two-body subsystems in the three-body processes
form an “isobar” and thus the processes can be described as a quasi-two-body scattering of
the isobar and the spectator particle. The quasi-two-body amplitudes, X(α)I i,(β)I′ j(~pi, ~pj;W ),
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TABLE II: Indices specifying the “isobars.”
Isobar Allowed isospin(s) Spectator particle three-body Fock space
(YK) = (K¯N2), (K¯N1) 0, 1 N1, N2
∣∣N1N2K¯〉
(Yπ) = (πΣ) 0, 1 N |NΣπ〉 , |ΣNπ〉
(Yπ) = (πΛ) 1 N |NΛπ〉 , |ΛNπ〉
(d) = (NN) 1 K¯
∣∣N1N2K¯〉
(N∗) = (πN) 1/2, 3/2 Σ |ΣNπ〉 , |NΣπ〉
(N∗) = (πN) 1/2 Λ |ΛNπ〉 , |NΛπ〉
(dy) = (ΣN) 1/2, 3/2 π |ΣNπ〉 , |NΣπ〉
(dy) = (ΛN) 1/2 π |ΛNπ〉 , |NΛπ〉
are then obtained by solving the AGS equations [20, 21],
X(α)I i,(β)I′ j(~pi, ~pj,W ) = (1− δij)Z(α)I i,(β)I′ j(~pi, ~pj,W )
+
∑
(γ),(δ)
∑
I′′
∑
n 6=i
∫
d~pnZ(α)I i,(γ)I′′n(~pi, ~pn,W )
× τ(γ)I′′n,(δ)I′′n (W − En(~pn), ~pn)X(δ)I′′n,(β)I′ j(~pn, ~pj,W ) . (2)
Here (α)I denotes the isobar formed by a two-particle pair α with isospin I; the subscripts
i, j, and n represent the spectator particles. The notations for the isobars are summarized
in Table II. As is shown in Sec. III, in this work we include only the 1S0 partial wave for the
NN interaction, and thus only the isospin I = 1 state is allowed for the isobar (d).
The driving term Z(α)I i,(β)I′ j(~pi, ~pj;W ) describes a particle-exchange potential given by
[see Fig. 2(a) for the kinematics]
Z(α)I i,(β)I′ j(~pi, ~pj;W ) =
g(α)I (~qi)g
∗
(β)I′
(~qj)
W −Ei(~pi)−Ej(~pj)−Ek(~pk) + iǫ , (3)
where Ei(~pi) and Ej(~pj) are the energies of the spectator particles i and j, respectively;
Ek(~pk) with ~pk = −~pi − ~pj is the energy of the exchange particle k; and ~qi (~qj) is
the relative momentum between the exchange-particle and the spectator-particle j (i).
In the nonrelativistic kinematics, we have En(~pn) = mn + ~p
2
n/(2mn) (n = i, j, k) and
~qi,j = (mk,i~pj,k − mj,k~pk,i)/(mj,k + mk,i). The s-wave projection of Z(α)I i,(β)I′ j(~pi, ~pj;W )
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FIG. 2: (a) One-particle exchange interaction Z(α)I i,(β)I′ j(pi, pj ,W ). (b) Isobar propagator
τ(α)I i,(β)I i(W − Ei(~pi), ~pi).
is given by
Z(α)I i,(β)I′ j(pi, pj ;W ) =
1
2
∫ 1
−1
d(cos θ)Z(α)I i,(β)I′ j(~pi, ~pj;W ), (4)
with cos θ = pˆi · pˆj.
The isobar propagator, τ(α)I i,(β)I i (W − Ei(~pi), ~pi) as illustrated in Fig. 2(b), is given in
the nonrelativistic kinematics by solving the following Lippmann-Schwinger equations:
τ(α)I i,(β)I i(W −Ei(~pi), ~pi) = λ(α)I i,(β)I i
+
∑
(γ)
∫
q2i dqi
λ(α)I i,(γ)I i|g(γ)I (qi)|2
W −Ei(~pi)−Ejk(~pi, ~qi)τ(γ)I i,(β)I i(W − Ei(~pi), ~pi) .
(5)
Here, Ejk(~pi, ~qi) is the energy of the interacting pair (jk), Ejk(~pi, ~qi) = mj+mk+~p
2
i /2(mj+
mk) + ~q
2
i /2µi with the reduced mass defined as µi = mjmk/(mj +mk).
After taking antisymmetrization for the two-nucleon states in the three-body processes,
the AGS equations (2) are formally written as (suppressing all indices other than those of
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the isobars)

X(YK),(YK)
X(Ypi),(YK )
X(d),(YK )
X(N∗),(YK)
X(dy),(YK)


=


Z(YK),(YK)
0
Z(d),(YK)
0
0


−


Z(YK),(YK)τ(YK ),(YK) Z(YK),(YK)τ(YK),(Ypi) 2Z(YK),(d)τ(d),(d) 0 0
0 0 0 Z(Ypi),(N∗)τ(N∗),(N∗) Z(Ypi),(dy)τ(dy),(dy)
Z(d),(YK)τ(YK),(YK) Z(d),(YK )τ(YK ),(Ypi) 0 0 0
Z(N∗),(Ypi)τ(Ypi),(YK) Z(N∗),(Ypi)τ(Ypi),(Ypi) 0 0 Z(N∗),(dy)τ(dy),(dy)
Z(dy),(Ypi)τ(Ypi),(YK) Z(dy),(Ypi)τ(Ypi),(Ypi) 0 Z(dy),(N∗)τ(N∗),(N∗) 0


×


X(YK),(YK)
X(Ypi),(YK)
X(d),(YK)
X(N∗),(YK)
X(dy),(YK)


. (6)
B. Break-up reactions
In this subsection, we present formulas for computing transition probability of the quasi-
two-body to three-body reaction, (YK)I=0+N → π+Σ+N . For this purpose, we first need
to define the amplitudes of the (YK)I=0 +N → π +Σ+N reaction. This is because within
our formulation the well-defined amplitudes are of the three-body to three-body scatterings,
where all the external particles are stable against strong interactions. The relevant amplitude
here is of the (K¯+N)+N → (YK)I=0+N → π+Σ+N reaction, which is given in a concise
notation as
TπΣN←(K¯N)N =
∑
(α)i=πΣN
∑
(γ)
∑
I
g∗(α)I τ(α)I i,(γ)I iX(γ)I i,(YK)I=0Nτ(YK)I=0N,(YK)I=0Ng(YK)I=0, (7)
where the summation of (α)i is taken for all possible combinations of πΣN . Now let us
consider the isobar (YK)I=0 as an actual resonance state of the two-body reactions. (Note
that we originally introduced notion of the isobars just for the sake of convenience in our
formulation and did not take them as actual resonances.) Near a resonance pole of the
7
isobar propagator τ(YK)I=0,(YK)I=0(E), the two-body amplitude for K¯NI=0 → K¯NI=0 can be
approximated as
t(YK )I=0,(YK)I=0(E) = g
∗
(YK)I=0
τ(YK)I=0,(YK)I=0(E,~0)g(YK)I=0
∼ g∗(YK)I=0
√
R(YK )I=0
√
R(YK)I=0
E −M + iΓ/2 g(YK)I=0
≡ g¯∗K¯N←YK
1
E −M + iΓ/2 g¯YK←K¯N , (8)
where M − iΓ/2 is the resonance pole position of τ(YK )I=0,(YK)I=0(E) and R(YK)I=0 is the
residue of τ(YK )I=0,(YK)I=0 at the pole. Also, g¯YK←K¯N =
√
R(YK )I=0g(YK)I=0 [g¯K¯N←YK =√
R(YK)I=0g
∗
(YK)I=0
] can be interpreted as a vertex function for the process K¯NI=0 → (YK)I=0
[(YK)I=0 → K¯NI=0]. Within this approximation, the three-body amplitude can be written
as
TπΣN←(K¯N)N =
∑
(α)i=πΣN
∑
(γ)
∑
I
g∗(α)I τ(α)I i,(γ)I iX(γ)I i,(YK)I=0N
× τ(YK)I=0N,(YK)I=0N (W − EN(~pN ), ~pN)g(YK)I=0
∼
∑
(α)i=πΣN
∑
(γ)
∑
I
g∗(α)I τ(α)I i,(γ)iX(γ)i,(YK)I=0N
×
√
R(YK)I=0G(YK)I=0(W −EN (~pN), ~pN)g¯YK←K¯N , (9)
where G(YK)I=0(W − EN(~pN), ~pN) is the (YK)I=0 resonance propagator in the existence of a
spectator nucleon with momentum ~pN . From Eq. (9), it is reasonable to define the T matrix
of (YK)I=0 +N → π + Σ+N as
TπΣN←(YK)I=0N =
∑
(α)i=πΣN
∑
(γ)
∑
I
g∗(α)I τ(α)I i,(γ)I iX(γ)I i,(YK)I=0N
√
R(YK)I=0 . (10)
The s-wave projection of the scattering amplitudes for the (YK)I=0 + N → π + Σ + N
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reaction are then given by
TπΣN-(YK)I=0N (~qN , ~pN , p
′
N ,W )
= (4π)−3/2
∑
I
× {∣∣[[π ⊗ Σ](Ypi)I ⊗N ]Γ〉 g(Ypi)I (qN)τ(Ypi)IN,(YK)IN (W − EN(~pN), ~pN)X(YK)IN,(YK)I=0N(pN , p′N ,W )
+
∣∣[[π ⊗ Σ](Ypi)I ⊗N ]Γ〉 g(Ypi)I (qN )τ(Ypi)IN,(Ypi)IN (W − EN(~pN), ~pN)X(Ypi)IN,(YK)I=0N(pN , p′N ,W )
+
∣∣[[π ⊗N ](N∗)I ⊗ Σ]Γ〉 g(N∗)I (qΣ)τ(N∗)IΣ,(N∗)IΣ (W −EΣ(~pΣ), ~pΣ)X(N∗)IK¯,(YK)I=0N(pΣ, p′N ,W )
+
∣∣[[Σ⊗N ](dy)I ⊗ π]Γ〉 g(dy)I (qπ)τ(dy)Iπ,(dy)Iπ (W − Eπ(~pπ), ~pπ)X(dy)Iπ,(YK)I=0N(pπ, p′N ,W )}
× 〈[(YK)I=0 ⊗N ′]Γ′ |
√
R(YK)I=0 , (11)
where |[A⊗B]a ⊗ C]b〉, with (ABC) = (πΣN), and |[(YK)I=0 ⊗N ]b〉 are the spin-isospin
wave functions of the final and initial states, andX(α)I i,(β)I′ j(p, p
′,W ) is the s-wave projection
of the quasi-two-body amplitudes given in Eqs. (2) and (6). The momenta qΣ, qπ, pΣ and
pπ are functions of ~qN and ~pN , i.e., qΣ(~qN , ~pN), qπ(~qN , ~pN), pΣ(~qN , ~pN), and pπ(~qN , ~pN).
Using Eq. (11), we define the transition probability of (YK)I=0 + N → π + Σ + N as
follows,
w(p′N ,W ) = 2π
∫
d3~pNd
3~qN
∑
f i¯
δ
(
W −M − ~p
2
N
2ηN
− ~q
2
N
2µN
) ∣∣TπΣN−(YK)I=0N (~qN , ~pN , p′N ,W )∣∣2 .
(12)
C. Kaon absorption reaction
The two-body ΛN channel is one of the important decay channels of the strange
dibaryons. The main process of such a two-body decay is expected to be the successive
process with the kaon absorption, i.e., “strange dibaryon”→ K¯ +N +N → Λ+N . There-
fore, we also evaluate the transition probability for the (YK)I=0+N → K¯+N+N → Λ+N
reaction, so that we can examine how differently the contribution of the strange dibaryons
emerges to the absorption and breakup reaction cross sections. For this purpose, we start
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with the three-body scattering amplitude of the (YK)I=0 +N → K¯ +N +N reaction,
TK¯NN-(YK)I=0N(~qN , ~pN , p
′
N ,W )
= (4π)−3/2
∑
I=0,1
∣∣[[K¯ ⊗N ](YK)I ⊗N ]Γ〉 g(YK)I (qN )τ(YK)IN,(YK)IN (W −EN (~pN), ~pN)
×X(YK)IN,(YK)I=0N(pN , p′N ,W ) 〈[(YK)I=0 ⊗N ′]Γ′ |
√
R(YK)I=0 , (13)
where we follow the same convention as in Eq. (11). The transition probability of the kaon
absorption reaction wabs(p
′
N ,W ) is then given by
wabs(p
′
N ,W ) = 2π
∫
d3~pΛ
∑
f i¯
δ
(
W − (MN +MΛ)− ~p
2
Λ
2µΛN
) ∣∣TΛN−(YK)I=0N (~pΛ, p′N ,W )∣∣2 ,
(14)
with
TΛN-(YK )I=0N (~pΛ, p
′
N ,W )
=
∫
d3~pNVabs(~pK¯ , ~pN)
1
W −EK¯(~pK¯)− EN(~pN)−EN (−~pΛ)
TK¯NN-(YK)I=0N(~qN , ~pN , p
′
N ,W ) .
(15)
Here µΛN and ~pΛ = ~pK¯ + ~pN denote the reduced mass of ΛN and the momentum of the Λ
particle in the final state, respectively, and Vabs represents the kaon absorption vertex whose
explicit expression is given in Sec III B.
III. MODEL OF TWO-BODY INTERACTIONS
Now we present explicit forms of the two-body interactions [Eq. (1)] used in this work.
We first consider the meson-baryon interactions (Sec. IIIA) and then consider the baryon-
baryon interactions (Sec. IIIC). In this section, we suppress indices of the spectator.
A. Meson-baryon interaction
As done in our earlier works [7, 8], we consider two kinds of models for the s-wave
meson-baryon interactions, which are called the E-indep and E-dep models, respectively.
The explicit forms are given by
V E-indep(α)I (β)I (q
′, q) = −C(α)I (β)I
1
32π2F 2π
mα +mβ√
mαmβ
g(α)I (q
′)g(β)I (q), (16)
10
for the E-indep model, and by
V E-dep(α)I (β)I (q
′, q;E) = −C(α)I (β)I
1
32π2F 2π
2E −Mα −Mβ√
mαmβ
g(α)I (q
′)g(β)I (q), (17)
for the E-dep model. Here, mα (Mα) is the meson (baryon) mass of the channel α; q
′ (q)
is the magnitude of relative momentum of the channel α (β) in the two-body c.m. frame;
Fπ is the pion decay constant; and the coupling coefficients C(α)I (β)I are summarized in
Table III. As for the cutoff factors g(α)I (q
′), we employ the dipole form with the cutoff Λ(α)I ,
g(α)I (q
′) = [Λ2(α)I/(Λ
2
(α)I
+ q′2)]2.
TABLE III: The coupling coefficients C(α)I (β)I . Note that C(α)I (β)I = C(β)I (α)I .
(α, β) Total Isospin I C(α)I (β)I
(K¯N, K¯N) 0 6
(K¯N, πΣ) 0 −√6
(πΣ, πΣ) 0 8
(K¯N, K¯N) 1 2
(K¯N, πΣ) 1 −2
(K¯N, πΛ) 1 −√6
(πΣ, πΣ) 1 4
(πΣ, πΛ) 1 0
(πΛ, πΛ) 1 0
(πN, πN) 1/2 4
(πN, πN) 3/2 −2
It is noted that except for the cutoff factors, both of the above potentials [Eqs. (16)
and (17)] are derived from the so-called Weinberg-Tomozawa term [24, 25], which is the
leading-order term of the effective chiral Lagrangian,
LWT =
i
8F 2π
tr(ψ¯Bγ
µ[[φ, ∂µφ], ψB]), (18)
with ψB (φ) being the octet baryon (pseudoscalar meson) field. From this Lagrangian, the
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s-wave potential is given by
V s-waveWT = −
C(α)I (β)I
32π2F 2π
√
ωα(q′)ωβ(q)
√
(Eα(q′) +Mα)(Eβ(q) +Mβ)
2Eα(q′)2Eβ(q)
× [ωα(q′) + Eα(q′)−Mα + ωβ(q) + Eβ(q)−Mβ] , (19)
where ωα(q
′) [Eα(q
′)] is the meson [baryon] energy of the channel α. We then obtain the
E-indep potential (16) from Eq. (19) by assuming |~q ′| ≪ mα,Mα and |~q| ≪ mβ ,Mβ. On
the other hand, the E-dep potential (17) is given by first replacing ωα(q
′) + Eα(q
′) and
ωβ(q) + Eβ(q) in the brackets of Eq. (19) with the on-shell two-body scattering energy E,
which is now considered to be an independent variable, and then assuming |~q ′| ≪ mα,Mα
and |~q| ≪ mβ,Mβ. The replacement with the on-shell two-body scattering energy in deriving
the E-dep potential corresponds to the so-called “on-shell factorization” [26].
As already seen in Sec. II, we take the nonrelativistic kinematics for the numerical cal-
culations. This is because of a problem inherent in the use of energy-dependent two-body
potentials for the three-body calculations with the relativistic kinematics. If the relativistic
kinematics are used, the total energy of the two-body subsystem can become pure imaginary
for large spectator momenta [8]. However, such a difficulty does not appear if one uses the
nonrelativistic kinematics.
Parameters of the two-body potentials are the cutoffs Λ(α)I . We determine the cutoffs
by fitting the I = 0 πΣ invariant mass distributions of the K−p → πππΣ reaction and
the K¯N reaction cross sections. Results of the fit for the E-indep and E-dep models are
presented in Figs. 3 and 4, respectively. There, the results are shown as bands because
we have determined the cutoffs only up to certain ranges within which the computed cross
sections are consistent with the experimental errors. The fitted values of the cutoffs are
listed in Table IV.
TABLE IV: Cutoff parameters of the K¯N -πY interaction.
Λ(YK)I=0 (MeV) Λ(Ypi)I=0 (MeV) Λ(YK)I=1 (MeV) Λ(Ypi=πΣ)I=1 (MeV) Λ(Ypi=πΛ)I=1 (MeV)
E-indep 975-1000 675-725 920 960 640
E-dep 975-1000 675-725 725 725 725
In Fig. 5, we present the resonance pole positions of the K¯N s-wave scattering amplitudes
in the complex energy plane between the K¯N and πΣ threshold energies. We find that
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FIG. 3: Results of the fit with the E-indep model. (a) I = 0 πΣ invariant mass distributions of
K−p→ πππΣ; total cross sections of (b) K−p→ K−p, (c) K−p→ π+Σ−, (d) K−p→ π−Σ+, and
(e) K−p→ π0Σ0. Data are from Refs. [27–32].
the E-indep model has a single pole corresponding to Λ(1405) in the K¯N physical and πΣ
unphysical sheet [Fig.5(a)], while the E-dep model has two poles in the same sheet [Fig.5(b)].
The analytic structure of the amplitudes in the E-dep model is similar to that obtained with
the chiral unitary model [33].
As for the cutoffs with α = πN , we have determined them by fitting the S11 and S31 πN
scattering lengths [34]. The resulting values are Λ(N∗)I=1/2 = Λ(N∗)I=3/2 =400 MeV for both
the E-indep and E-dep models.
B. Meson absorption interactions
To take into account the kaon absorption reaction, we construct the kaon absorption
vertex. In the leading order of the effective chiral Lagrangian, there appear interactions
associated with the axial-vector couplings. The interaction Lagrangian is given by
Labs = − 1
2Fπ
[
F tr(ψ¯Bγ
µγ5[∂µφ, ψB]) +Dtr(ψ¯Bγ
µγ5{∂µφ, ψB})
]
, (20)
where we employ the empirical values of axial-vector couplings F and D fixed by the neutron
and hyperon decays, i.e., F = 0.47 and D = 0.80 [35]. We then find the kaon absorption
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FIG. 4: Results of the fit with the E-dep model. (a) I = 0 πΣ invariant mass distributions of
K−p→ πππΣ; total cross sections of (b) K−p→ K−p, (c) K−p→ π+Σ−, (d) K−p→ π−Σ+, and
(e) K−p→ π0Σ0. Data are from Refs. [27–32].
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FIG. 5: The S = −1 and Jπ = 1/2− K¯N s-wave amplitude on complex energy plane in (a) the E-
indep model and (b) the E-dep model. The cutoff parameters are (Λ(YK )I=0 ,Λ(Ypi)I=0) = (1000, 700)
MeV.
vertex, K¯ +N → Λ, as
Vabs(~pK¯ , ~pN) =
i√
6(2π)3Fπ
√
1
2ωK¯
(3F +D)χ†s′
[
~σ · ~pK¯ − ωK¯
(
~σ · ~pN
2MN
+
~σ · (~pK¯ + ~pN)
2MΛ
)]
χs ,
(21)
where the χs(χ
′
s) and ~σ represent the initial (final) nucleon(Λ) spin wave function and the
Pauli matrices for the spin.
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C. Baryon-baryon interactions
As for the s-wave NN interactions, we take the following form [7]:
V(d)I=1,(d)I=1(q
′, q) = 4πCRgR(q
′)gR(q)− 4πCAgA(q′)gA(q). (22)
Here, CR (CA) is the coupling strength of the repulsive (attractive) potential. The form
factors gR,A(q) are defined by gR,A(q) = ΛR,A
2/(q2 + ΛR,A
2), with ΛR,A being the cutoff
parameters of the NN interactions. The coupling strengths CR,A and the cutoff parameters
ΛR,A are determined by fitting the
1S0 phase shifts [36] (see Fig. 6 for the result of the fit).
The resulting values of the parameters are summarized in Table V.
TABLE V: Parameters of the NN interaction.
ΛR(MeV) ΛA(MeV) CR(MeV fm
3) CA(MeV fm
3)
1215 352 5.05 5.84
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FIG. 6: Phase shifts of NN scattering for the 1S0 state. The solid line shows the phase shift with
our model, and the triangles show the phase shifts with the model of Ref. [36].
As for the s-wave Y N interactions, we follow the form given in Ref. [37],
V(α)I ,(β)I (q
′, q) = −4πC(α)I (β)I
2π2
(µαµβΛ(α)IΛ(β)I )
−1/2g(α)I (q
′)g(β)I (q). (23)
Here, C(α)I (β)I are the coupling constants summarized in Table VI; µα is the reduced mass
for the Y N system; the form factor g(α)I (q) is defined by g(α)I (q) = Λ
2
(α)I
/(q2 + Λ2(α)I ); and
the cutoff parameters Λ(α)I are given by Λ(ΣN)I = 251 MeV and Λ(ΛN)I = 262 MeV.
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TABLE VI: Coupling constants of the Y N interactions.
C(ΣN)I=1/2(ΣN)I=1/2 C(ΣN)I=1/2(ΛN)I=1/2 C(ΛN)I=1/2(ΛN)I=1/2 C(ΣN)I=3/2(ΣN)I=3/2
0.83 0.56 0.49 -0.29
IV. RESULTS AND DISCUSSION
A. Quasi-two-body scatterings
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FIG. 7: W dependence of |X(YK )I=0N,(YK)I=0N (pi, pj ,W )|2. The solid curve is the E-indep model;
the dashed curve is the E-dep model; the thick curve is pi = pj = 150 MeV; and the thin curve is
pi = pj = 100 MeV. The cutoff parameters are taken to be (Λ(YK )I=0 ,Λ(Ypi)I=0) = (1000, 700) MeV.
Now we present the partial-wave quasi-two-body amplitudes at the real scattering energies
W , X(α)I i,(β)I′ j(pi, pj ,W ), which are obtained by solving the coupled-channel AGS equations
(6) and using the point method explained in the Appendix. In Fig. 7, we present the
absolute square of the amplitudes, |X(YK)I=0N,(YK)I=0N(pi, pj,W )|2, whose initial- and final-
state isobars are (YK) with the isospin I = 0. Here we plot the results of the E-indep (E-dep)
model as solid (dashed) curves. Also, we plot the amplitudes with two different cases of the
off-shell momentum for each model, with pi = pj = 150 MeV for thick curves and with pi =
pj = 100 MeV for thin curves, to examine the momentum dependence of the amplitudes. We
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FIG. 8: W dependence of |X(α)I i,Yk(I=0)N (pi, pj,W )|2. (a) (α)I = (Yπ)I=0 and i = N , (b) (α)I =
(d)I=1(repulsive) and i = K¯, (c) (α)I = (N
∗)I=1/2 and i = Σ, and (d) (α)I = (dy)I=1/2 and i = π.
The meaning of each curve and the cutoff parameters are taken to be the same as those in Fig. 7.
find both models have a bump between the K¯NN and πΣN threshold energies: W ∼ 2305
MeV for the E-indep model andW ∼ 2340 MeV for the E-dep model, both of which are close
to the resonance pole masses MR with −Im(MR) ∼ 20 MeV (see Table I). Furthermore, the
positions of the bumps are independent of the momentum, and thus we can conclude that
these bumps are actually produced by the strange-dibaryon resonances. On the other hand,
in the E-dep model, another strange dibaryon with −Im(MR) ∼ 100 MeV barely affects the
amplitude on the physical real energy axis. This is consistent with the fact that normally
resonances with large widths cannot produce a sharp peak in the absolute square of the
amplitudes or cross sections. In Fig. 8, we show the W dependence of the amplitudes with
different final states. We observe that the bumps due to the strange-dibaryon resonances
appear at almost the same W regardless of the final quasi-two-body states, as it should
be. The magnitude of |X(Ypi)I=0N,(YK)I=0N (pi, pj,W )|2 [Fig. 8(a)] is rather small compared
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with the other amplitudes shown in Fig. 8. This may be understood as follows. First,
as one can notice from the AGS equations (6), the X(Ypi),(YK ) amplitude does not directly
couple with the main X(YK),(YK) amplitude. The X(Ypi),(YK) amplitude is generated from the
X(N∗),(YK ) and X(dy),(YK) amplitudes multiplied by Z(N∗),(YK)τ(N∗),(N∗) and Z(Ypi),(dy)τ(dy),(dy),
respectively. Second, because the πN and Y N interactions are weaker than the K¯N -πY
and K¯N -K¯N interactions, the τ(N∗),(N∗) and τ(dy),(dy) propagators are typically an order
of magnitude smaller than the τ(YK ),(YK), τ(YK),(Ypi), and τ(Ypi),(Ypi) that appear in the AGS
equations for the other amplitudes.
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FIG. 9: Contributions of one-particle exchange processes to |X(YK )I=0N,(YK)I=0N (pi, pj,W )|2. The
figures are for (a) the E-indep model and (b) the E-dep model. The solid curves represent the full
results; the dashed curves represent the baryon-exchange processes only; and the dotted curves
represent the meson-exchange processes only. The momentum (cutoff parameters) are fixed as
pi = pj = 100 MeV [(Λ(YK )I=0 ,Λ(Ypi)I=0) = (1000, 700) MeV].
Next we present the contributions of each one-particle-exchange mechanism Z to the am-
plitude |X(YK)I=0N,(YK)I=0N (pi, pj,W )|2 with pi = pj = 100 MeV (Fig. 9). Here the solid curve
in Fig. 9(a) [Fig. 9(b)] is same as the thin-solid (thin-dashed) curve in Fig. 7. If the baryon-
exchange (meson-exchange) Z potentials are switched off in the rescattering processes, then
the solid curves in Fig. 9 are turned into the dashed (dotted) curves. Contributions of the
meson-exchange processes seem to be crucial for producing the similar bump structure to
the full amplitudes, while those of the baryon-exchange processes do not. However, we also
observe that rescattering effects including both the meson- and baryon-exchange processes,
which are required by the three-body unitarity, amplify the magnitude of the scattering
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amplitudes significantly, indicating the importance of maintaining the three-body unitarity
exactly in searching for the evidence of the strange-dibaryon resonances.
B. Transition probability for the breakup (YK)I=0 +N → π +Σ+N reaction.
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FIG. 10: Total transition probability w(pN ,W ) for (YK)I=0 +N → π +Σ +N . The meaning of
each curve and the cutoff parameters are taken to be same as those in Fig. 7.
Next, we investigate the energy dependence of the transition probability, w(pN ,W ) de-
fined in Eq. (12), for the (YK)I=0 + N → π + Σ + N breakup reaction. In Fig. 10, we
present w(pN ,W ) for pN = 100 MeV and pN = 150 MeV using the same values of pa-
rameters as used in Fig. 7. We again find that the position of the bumps in w(pN ,W ) are
independent of the momentum pN of the initial (YK)N channel, implying that the bumps
originate from the strange-dibaryon resonances. The E-indep and E-dep models are found
to produce quite different energy dependencies on the transition probabilities; those dif-
ferences would be large enough to be detected by experiments. Because this difference is
closely related to the different nature of Λ(1405) between the two models as shown in Fig. 5,
the strange-dibaryon production reactions would also provide critical information on the
dynamical origin of Λ(1405).
Next we examine the cutoff parameter dependence on the transition probability w(pN ,W )
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FIG. 11: Cutoff dependence on the transition probability for the (YK)I=0 + N → π + Σ + N
reaction. (a) The E-indep model. (b) The E-dep model. The bands of transition probability are
produced by varying values of Λ(YK)I=0 and Λ(Ypi)I=0 in the allowed range listed in Table IV. The
initial nucleon momentum is set to pN = 100 MeV.
(Fig. 11). The bands are given by varying the values of Λ(YK)I=0 and Λ(Ypi)I=0 within the
allowed range listed in Table IV. We see that the signal of the strange-dibaryon resonances
remains to be observed in the transition probability within the allowed range of Λ(YK)I=0
and Λ(Ypi)I=0 .
Finally, we examine the contribution of each reaction process to the transition prob-
ability (Fig. 12). As can be seen in Eq. (11), the reaction processes consist of the
quasi-two-body processes characterized by the amplitudes X(YK)IN,(YK)I=0N , X(Ypi)IN,(YK)I=0N ,
X(N∗)IΣ,(YK)I=0N , and X(dy)Iπ,(YK)I=0N . We find that the X(YK)IN,(YK)I=0N process has a
dominant contribution of about 85% to the transition probability, while the others have
rather small contributions: about 5% is from X(dy)Iπ,(YK)I=0N , and less than 1% is from
X(Ypi)IN,(YK)I=0N and X(N∗)IΣ,(YK)I=0N .
C. Transition probability for the kaon absorption (YK)I=0 +N → Λ+N reaction
In recent experiments, the Λp channel is used to probe the signal of the strange-dibaryon
resonances. We estimate the energy dependence of the transition probability, wabs(pN ,W )
defined in Eq. (14), for the (YK)I=0 + N → K¯ + N + N → Λ + N reaction. As shown
in Eq. (13), in this work we consider only the (YK)I=0 + N → (YK)I + N → K¯ + N + N
processes for (YK)I=0 +N → K¯ + N +N . This is a reasonable simplification because it is
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FIG. 12: Contribution of each quasi-two-body process to the (YK)I=0+N → π+Σ+N transition
probability. (a) The E-indep model. (b) The E-dep model. The solid curve represents the full
results; the dashed curve represents theX(YK)IN,(YK)I=0N process only; the dashed-two-dotted curve
represents the X(Ypi)IN,(YK)I=0N process only; the dotted curve represents the X(N∗)IΣ,(YK)I=0N
process only; and the dashed-dotted curve represents the X(dy)Iπ,(YK)I=0N process only. The cutoff
parameters Λ(YK )I=0 and Λ(Ypi)I=0 are taken to be 1000 and 700 MeV, respectively, and the initial
nucleon momentum is set to pN = 100 MeV.
found from Fig. 12 that the X(YK)IN,(YK)I=0N process has the dominant contribution to the
(YK)I=0 +N → π +Σ+N reaction, and thus we can expect it also for the (YK)I=0 +N →
K¯ + N + N processes. Then, from Eqs. (13)-(15) and (21), we can estimate the transition
probability wabs(pN ,W ). It is noted that in this work the transition between K¯ + N + N
and ΛN is treated perturbatively. Figure 13 shows wabs(pN ,W ) for pN = 100 MeV, which
is estimated using the same parameter set as that used for calculating the quasi-two-body
amplitudes |X(YK)I=0N,(YK)I=0N(pi, pj,W )|2 (Fig. 7). It is found that for both the E-indep and
E-dep models the bumps due to the strange-dibaryon resonances in the (YK)I=0+N → Λ+N
transition probability become less significant than in the (YK)I=0+N → π+Σ+N reaction.
Also, the resonance peak positions move slightly to the downward region from the K¯NN
threshold energy.
V. SUMMARY
Within the framework of the coupled-channel AGS equations, we have examined how the
signature of the strange-dibaryon resonances in the three-body K¯NN -πY N system shows
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FIG. 13: The kaon absorption probability wabs(pN ,W ) for the (YK)I=0+N → Λ+N reaction (solid
lines) for (a) the E-indep model and (b) the E-dep model. Dashed lines represent the transition
probability w(pN ,W ) for (YK)I=0+N → π+Σ+N reaction. The cutoff parameters Λ(YK)I=0 and
Λ(Ypi)I=0 are taken to be 1000 and 700 MeV, respectively, and the initial nucleon momentum is set
to pN = 100 MeV.
up in the scattering amplitudes and transition probabilities on the physical real energy
axis. The logarithmic singularities that appear when solving the AGS equations for the real
scattering energies have been successfully handled by making use of the point method. Two
different kinds of models, the E-indep and E-dep models, have been considered for the two-
body K¯N -πΣ subsystem to investigate whether the strange-dibaryon production reactions
can be used for disentangling the nature of the two-body K¯N -πΣ system with Λ(1405).
We have found that within our model, a clear bump produced by strange-dibaryon res-
onances appear in the quasi-two-body scattering amplitudes X(α)I i,(YK)I=0N (W ) and the
(YK)I=0 +N → π + Σ +N transition probabilities in the energy region between the K¯NN
and πΣN thresholds, which strongly suggests that the clear signals of strange-dibaryon reso-
nances should be detected by measuring of πΣN invariant mass distributions at the relevant
energies. We have also found that the E-indep and E-dep models produce quite different
energy dependencies on X(α)I i,(YK)I=0N(W ) and (YK)I=0+N → π+Σ+N transition proba-
bilities; those differences would be large enough to be detected by experiments. Within our
framework, this difference originates from the different nature of Λ(1405) between the two
models as shown in Fig. 5, and thus the strange-dibaryon production reactions would also
be helpful to reveal the dynamical origin of Λ(1405). We have also studied the spectrum of
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the ΛN final state by using a simple kaon absorption model. It was found that the signature
of the strange-dibaryon resonances in the ΛN channel is less significant than that of the
three-body final state due to the stronger contribution of the background amplitudes.
It is for the first time that the breakup (YK)I=0+N → π+Σ+N transition probabilities are
computed within the fully coupled-channel AGS equations. As a next step, we will further
account for initial-state interactions and develop a technique to make practical calculations of
“actual” cross sections of kaon- and photon-induced strange-dibaryon production reactions
shown in Fig. 1, which will be measured at experimental facilities such as J-PARC and
SPring-8. This will be discussed elsewhere.
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Appendix A: Brief description of the point method
The s-wave projection of the particle-exchange potential, Z(α)I i,(β)I′ j(pi, pj,W ) [Eq. (4)],
contains the following logarithm:
ln

W −M − p2i2mi − p
2
j
2mj
− p
2
i+p
2
j−2pipj
2mk
W −M − p2i
2mi
− p
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 . (A1)
For real W with W > M , this logarithm becomes singular at momentum (pi, pj) satisfying
W −M − p
2
i
2mi
− p
2
j
2mj
− p
2
i + p
2
j ± 2pipj
2mk
= 0 . (A2)
The singularities appear as a “moon-shape” in the pi-pj plane as illustrated in Fig. 14.
As a practical technique to handle the moon-shaped singularities in solving the scattering
equations (6), we have employed the point method, which is proposed by Schlessinger [22]
and developed by Kamada et al. [23]. We briefly explain the method in the following.
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FIG. 14: The moon-shaped singularities. The solid curve shows the momentum (pi, pj) where
Z(α)I i,(β)I′ j(pi, pj,W ) has logarithmic singularity.
The point method is an extrapolation technique of functions. With this technique, one
can evaluate the value of a function X(W ) of real W from X(W + iǫi), where ǫi (ǫ = 1, 2, ...)
is a series of positive finites that converges to zero, using the following formulas:
X(W ) = lim
ǫ→0
X(W + iǫ1)
1 + a1(ǫ−ǫ1)
1+···
= lim
ǫ→0
X(W + iǫ1)
1+
a1(ǫ− ǫ1)
1+
a2(ǫ− ǫ2)
1+
· · · , (A3)
with
al =
1
ǫl − ǫl+1
(
1 +
al−1(ǫl+l − ǫl−1)
1+
al−2(ǫl+1 − ǫl−1)
1+
· · · a1(ǫl+1 − ǫ1)
1− [X(W + iǫ1)/X(W + iǫl+1)]
)
.(A4)
To illustrate how we get scattering amplitudes X(α)I i,(β)I′ j(pi, pj,W ) for real W , we apply
the formulas above to the Amado model [20], a simple model for three-boson scatterings. The
AGS equations for the s-wave scattering of a boson b and a two-b bound-state d, bd → bd,
are given by
X(p′, p0,W ) = 2Z(p
′, p,W ) + 2
∫
p2dpZ(p′, p,W )τ(p,W )X(p, p0,W ). (A5)
In the bd CM system, the driving term Z(p′, p,W ) and the two-body propagator τ(p,W )
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are expressed as
Z(p′, p,W ) =
1
2
∫ 1
−1
dx
g0
(|~p ′ + 1
2
~p|2 + β2)
g0
(|~p+ 1
2
~p ′|2 + β2)
× 1
W − p2
2m
− p′2
2m
− (~p+~p ′)2
2m
+ iǫ
, (A6)
τ−1(p,W ) = [E2(p,W ) +B + iǫ]
=
[
1− (E2(p,W ) +B + iǫ)
∫
k2dk
g2(k)(
B + k
2
m
)2 (
E2(p,W )− k2m + iǫ
)
]
. (A7)
Here, g(q) = g0/(q
2 + β2) is the form factor for d → bb, which is normalized as∫
k2dkg2(k)/(B + k
2
m
)2 = 1; B is the binding energy of d; and E2(p,W ) = W − 3p2/(4m)
is the two-body scattering energy. We solve these AGS equations by setting ~ = 2m = 1,
B = 1.5, β = 5, and W = 1.
If one tries to solve Eq. (A5) for a realW , the momentum integral path crosses the singu-
larities of the Z potential and thus the resulting amplitude X(p′, p0,W ) does not converge.
On the other hand, one can have convergent solutions of Eq. (A5) without any problems for
complex energies W + iǫl with positive finites ǫl. Therefore, we first compute the amplitude
X for several complex energies and then make an extrapolation to X(W ) using Eqs. (A3)
and (A4). For practical computations, we use five ǫl’s:
ǫl = 0.05× l (l = 1, 2, . . . , 5). (A8)
In Fig. 15, we show the p dependence ofX(p, p0,W ) forW = 1 and p0 =
√
4m(W +B)/3.
The solid (dashed) curve represents the real (imaginary) part of the amplitude X(p, p0,W )
extrapolated using the point method. In the same figure, we also present the amplitude
obtained by the spline interpolation method [38] as a comparison.
The scattering amplitude X(W ) for the K¯NN -πY N system studied in this work is ex-
trapolated from the amplitude X(W + iǫl) at ǫl = 10 × l (MeV) for l = 1, 2, . . . , 5, using
Eqs. (A3) and (A4).
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